The family of two-dimensional transition metal carbides, so called MXenes, has recently found new members with ordered double transition metals M ′ 2 M ′′ C 2 , where M ′ and M ′′ stand for transition metals. Here, using a set of first-principles calculations, we demonstrate that some of the newly added members, oxide M ′ and M ′′ , while the band inversion occurs at the Γ point among the degenerate d x 2 −y 2 /d xy orbitals and a non-degenerate d 3z 2 −r 2 orbital, which is driven by the hybridization of the neighboring orbitals. The phonon dispersion calculations find that the predicted topological insulators are structurally stable. The predicted W-based MXenes with large band gaps might be suitable candidates for many topological applications at room temperature. In addition, we study the electronic structures of thicker ordered double transition metals M Zr, Hf) and find that they are nontrivial topological semimetals. Among the predicted topological insulators and topological semimetals, Mo 2 TiC 2 and Mo 2 Ti 2 C 3 functionalized with mixture of F, O, and OH have already been synthesized, and therefore some of the topological materials proposed here can be experimentally accessed.
The family of two-dimensional transition metal carbides, so called MXenes, has recently found new members with ordered double transition metals M ′
M
′′ C 2 , where M ′ and M ′′ stand for transition metals. Here, using a set of first-principles calculations, we demonstrate that some of the newly added members, oxide M ′ and M ′′ , while the band inversion occurs at the Γ point among the degenerate d x 2 −y 2 /d xy orbitals and a non-degenerate d 3z 2 −r 2 orbital, which is driven by the hybridization of the neighboring orbitals. The phonon dispersion calculations find that the predicted topological insulators are structurally stable. The predicted W-based MXenes with large band gaps might be suitable candidates for many topological applications at room temperature. In addition, we study the electronic structures of thicker ordered double transition metals M 
I. INTRODUCTION
Topological insulators (TIs) [1] [2] [3] [4] promise an avenue to realize fascinating applications such as dissipationless transport, spintronics, optoelectronics, thermoelectronics, fault-tolerant quantum computing, and efficient power transition [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . This is due to their unique surface states that are topologically protected and thus robust against non-magnetic impurities and disorders. The existence of these remarkable electronic states in TIs is attributed to the large spin-orbit coupling (SOC) of their heavy elements. TIs can have two-or three-dimensional structures. The two-dimensional (2D) TIs possess two wirelike metallic edge states in which electrons propagate with opposite spins . The three-dimensional TIs have metallic surface states that usually form a single or an odd number of Dirac cones at or around the Fermi level [9, 13, 15] .
Recently, 2D systems have received a lot of attentions because of their high tunability of charge, spin, and orbital states as well as electron confinement by surface functionalization and thickness control. Owing to the great advance in experimental techniques in recent years, the number of synthesized 2D systems has significantly increased [39] . Among the recent synthesized structures, 2D transition metal carbides and nitrides, so called MXenes, have attracted considerable attentions due to their high mechanical stability, various elemental compositional and surface functional possibilities, and flexible thickness controllability. MXenes are a new class of 2D transition metal carbides and nitrides with chemical formula of M n+1 X n (M= Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta; X= C, N) with n = 1, 2, 3 that have recently been synthesized through hydrofluoric etching [40, 41] of layered MAX phase compounds−M n+1 AX n , where A = Al, Si, P, S, Ga, Ge, As, In, and Sn [42, 43] . During the etching process, the A element is washed out from the MAX phase structure and simultaneously the surfaces of the resulting 2D systems are chemically saturated with mixture of F, O, and OH [40, 41, 44, 45] . These 2D systems have been named MXenes because they originate from the MAX phases by removing A elements and because they are structurally analogous to the graphene [40, 41] . The 2D MXenes such as Ti 2 C, V 2 C, Nb 2 C, Ta 2 C, Mo 2 C, Ti 3 C 2 , Nb 4 C 3 have already been synthesized [40, 41, 46, 47] . MXenes are known to have or predicted to have electronic, magnetic, and energy harvesting applications [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] .
Theoretically, it has been shown that some of the MXenes possess Dirac band dispersions crossing at the Fermi level, owning to the honeycomb like structure [63] . Therefore, they are highly suspected for being TIs if heavy transition metal elements are involved. Indeed, we have previously shown that among the members of functionalized M 2 X MXenes, Mo 2 CO 2 and W 2 CO 2 are TIs [64] . The family of MXenes has lately been expanded to the ordered double transition metals carbides M 
II. METHOD OF CALCULATIONS
The structural optimizations and electronic structure calculations are performed in the context of density functional theory as implemented in VASP code [70] . Exchange-correlation energies are taken into account by the generalized gradient approximation (GGA) using Perdew-Burke-Ernzerhof functional [71] . The wave functions are constructed using projected augmented wave approach with plane wave cutoff energy of 520 eV. The effect of spin-orbit coupling (SOC) is included self-consistently in the electronic structure calculations. The atomic positions and cell parameters are fully optimized using conjugate gradient method without imposing any symmetry. After the optimization process, the maximum residual force on each atom is less than 0.001 eV/Å. The total energies are converged within 10 −6 eV/cell. A large vacuum space of 50 Å is set along the c axis, the direction perpendicular to the surface, to avoid any interaction between the layer and its periodic images. The Brillouin zone integration is sampled using a set of 12×12×1 Monkhorst-Pack k points [72] . Since the GGA often underestimates the band gap, we also perform the hybrid functional [Heyd-ScuseriaErnzerhof (HSE06)] calculations [73, 74] with 20 k points along each path section to check the band topology.
The phonon dispersions are obtained using the density functional perturbation theory in the same level of approximation as described above using Quantum Espresso code [75, 76] . The edge states are calculated using a nonuniform tightbinding Green's function method with maximally localized Wannier function basis sets [77, 78] generated by OpenMX code [79] .
III. RESULTS AND DISCUSSION

A. Atomic structure
As shown in Fig. 1 Theoretically, it has been shown that the ordered double transition metals MXenes is structurally stable, and indeed one of them, Mo 2 TiC 2 , has already been synthesized experimentally [65, 66] . It is very difficult to synthesize MXenes with pure surfaces from MAX phases by the etching process and usually the surfaces of MXenes are saturated with the mixture of chemical groups that depend on the type of applied chemical solution. For instance, when hydrofluoric acid is used, the surfaces of MXenes are saturated with the mixture of F, O, and OH [40, 41] . This is due to the high chemical reactivity of transition metals on the exposed surfaces of MXenes. It has been shown theoretically that the chemical groups such as F, O, and OH form strong bonding with the transition metals and thus the surfaces of MXenes can be fully saturated with them at a proper chemical potential [48, 80] 
MXenes are metallic [65] . However, upon proper surface functionalization, some of the MXenes become semiconducting [48, 66] . Here, we shall focus on M
MXenes functionalized with oxygen to investigate the electronic properties in detail. Before studying the electronic structures, the structural properties of M ′ 2 M ′′ C 2 O 2 are examined. Two oxygen atoms per unit cell are required to fully functionalize the surfaces of MXenes. Generally, the functional groups can be adsorbed on top of the transition metals or on top of hollow sites of the surfaces. However, the previous calculations find that the configurations with chemical groups adsorbed on top of the transition metals sites are energetically unfavorable and these chemical groups eventually move to top of the hollow sites after the structural optimization [48, 50] . Therefore, the chemical groups are favorably adsorbed on top of the hollow sites formed by the surface transition metals.
The surfaces of MXenes include two types of hollow sites, which are named as A and B here. At the B-type (A-type) hollow site, there is (is not) a carbon atom under the hollow. In order to find the most stable model structures, we fully optimized the structures of the above three models for each M ′ 2 M ′′ C 2 O 2 system. The total energies of the optimized models are summarized in Table I . Since the total energy is lowest for the BB systems, the BB model is considered to be the most appropriate for the M Fig. 1(b) and the detailed crystal parameters are found in Supplemental Material [81] .
In order to ensure that all atoms in the predicted M Fig. 2 , the results for others are included into Supplemental Material [81] . As shown in Fig. 2 [81] . As shown in Fig. 3 , when the SOC is not considered, the system is semimetallic because the topmost valence band and the lowest conduction band touch only at the Γ point, around which the valence and conduction bands are both parabolic. In order to better analyze the band structures, the projected band structures onto each constituent element with different orbital symmetries are also shown in Fig. 3 . We can easily find in Fig. 3 We further explore the effect of SOC on the band gap by turning on the SOC for a particular element, either M
This can be done using Quantum Espresso [75, 76] . As expected, the results of the band gaps calculated using VASP and Quantum Espresso are almost the same when the SOC is on for all the elements (see Table II ). When the SOC is switched on only for M ′ or M ′′ element, the degeneracy of the topmost valence band and the lowest conduction band at the Γ point is lifted and the band gap is open, as summarized in Table II (and also see Supplemental Material [81] ), for all the M ′ 2 M ′′ C 2 O 2 MXenes studied here, implying that the strength of the SOC for either M ′ or M ′′ is enough to open a gap in these systems. The degeneracy at the Γ point should be lifted because there is no four-dimensional irreducible representation for D 3d double group. However, notice that these band gaps are always smaller than those evaluated with the SOC on for both M ′ and M" elements. Comparing the band gaps for the different systems in Table II , we find that the SOC for each transition metal seems to contribute separately to opening the gap as large as ∼0.026, ∼0.123, ∼0.01, ∼0.04, and ∼0.14 eV for Mo, W, Ti, Zr, and Hf, respectively. It is well known that the GGA calculations underestimate the band gaps. Hence, in order to better estimate the band gap as well as the band topology, we examine the band structures using the hybrid functionals (HSE06). As shown in the Supplemental Material [81] , the similar band topologies are found through the hybrid calculations and the band gaps are estimated to be in the range of 0.119 -0.401 eV (see Table II ). To ensure that these insulators are topologically nontrivial, next we shall calculate the Z 2 topological invariant.
Since all the M ′ 2 M ′′ C 2 O 2 MXenes studied here have the inversion symmetry, their Z 2 topological invariant can be simply calculated from the parity of their valence band wave functions at the time reversal invariant momentum (TRIM) points of the Brillouin zone [84, 85] . More precisely, the Z 2 index ν is evaluated as (−1)
is the parity of the nth valence band at the ith TRIM k i , and N is the total number of the occupied valence bands [84, 85] . The trivial and nontrivial topological phases are characterized by ν = 0 and 1, respectively. Because the crystal structure of the M One of the remarkable characteristics of the TI is the presence of an odd number of topologically protected conducting edge states that cross the Fermi energy. In order to fur- Fig. 3 ), the minimal tight binding Hamiltonian can be constructed using these orbitals. Figure 4 shows the results of the electronic band structures, which clearly displays that the edge bands cross the Fermi energy three times along theΓ-M points for both systems.
C. Discussion
Let us finally examine the origin of the topological insulating behavior found in the M ′ 2 M ′′ C 2 O 2 MXenes. As shown in Fig. 3 , the SOC is essential to open a finite band gap but does not induce the band inversion that is necessary to change the band topology, implying that the band inversion has already occurred in the M ′ 2 M ′′ C 2 O 2 MXenes before introducing the SOC. This is thus different from most of topological insulators for which the SOC is required to induce the band inversion [9-11, 18, 26] , although some exceptions have been reported [16, 23, 27, 64] .
To understand the band structures in more details, we investigate the evolution of the band structures without the SOC as the lattice constant is uniformly expanded from the optimized one that is obtained in Sec. III A. Note that the structure is not optimized when the lattice constant is expanded because this is much easier to analyze the evolution of the band structures. As shown in Fig. 5 , the band structures around the Fermi energy are qualitatively the same until the lattice constant is expanded slightly below 20% (1.2a 0 ) , where the topmost valence band and the lowest conduction band remain touched (i.e, degenerate) at the Γ point and they are essentially composed of d xy and d x 2 −y 2 orbitals of W and Hf. However, when the lattice constant is expanded more than ∼ 20%, the band gap opens and the band characters around the Fermi energy change qualitatively at the Γ point, where the topmost valence band is composed of d 3z 2 −r 2 orbital, while the lowest conduction bands are doubly degenerate and consist of d xy and d x 2 −y 2 orbitals. More interestingly, we find that the band inversion occurs at the Γ point concomitantly when the band gap opens. We should note that neither the band inversion nor the gap closing occurs at other momenta except for the Γ point. The evolution of the electronic bands at the Γ point is summarized schematically in Fig. 6 . When the lattice constant is very large ( 1.2a 0 , where a 0 is the optimized lattice constant in Sec. III A) and the SOC is absent, W 2 HfC 2 O 2 is a trivial band insulator in which the two topmost valence bands are made of bonding and non-bonding states of d 3z 2 −r 2 orbitals with even and odd parities, respectively, while the lowest conduction bands are doubly degenerated and formed by a bonding state of d xy /d x 2 −y 2 orbitals with even parity. As the lattice constant is reduced, the hybridization between neighboring d orbitals increases. As a result, the bonding state of doubly degenerate d xy /d x 2 −y 2 orbitals shift downward below the Fermi energy, while the non-bonding state of d 3z 2 −r 2 orbital moves above the Fermi energy. Since these two states have opposite parities, this is precisely when the band inversion occurs. Note that the Fermi energy remains exactly at the doubly degenerate d xy /d x 2 −y 2 states once the band inversion occurs, and therefore the system remains semi-metallic. However, as soon as the SOC is introduced, the doubly degeneracy is lifted and the system becomes a nontrivial insulator. The role of the SOC is thus to induce a finite band gap but not a band inversion, which has similarly been observed in ZrTe 5 [86] , squareoctagonal WS 2 [15] , MX (M=Zr, Hf; X= Cl, Br, I) [16] , and W 2 CO 2 systems [64] .
It is worth summurizing the differences and similarities between the current study with our previous study in Ref. [64] . Mo 2 CO 2 and W 2 CO 2 studied in Ref. [64] 
IV. CONCLUSION
Here, we have searched for new topological insulators in recently synthesized double transition metal carbide MXenes, and found that M 
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